• A network of oak (Quercus robur L.) chronologies containing 49 sites and 635 single trees was analysed to identify weather variables affecting annual tree-ring increment dynamics in southern Sweden during 1860-2000.
INTRODUCTION
Pedunculate oak (Quercus robur L.) is one of the main species for dendrochronology in Europe (Baillie et al., 1983; Briffa and Matthews, 2002; Kelly et al., 2002; Sass-Klaassen and Hanraets, 2006; Schweingruber, 1996) . While studies on climate forcing of oak growth are common in continental and Western Europe, few studies of this type have been done in Sweden (Bartholin, 1975; Drobyshev et al., 2007c) . Dendroclimatic studies have demonstrated the complexities associated with the growth response of pedunculate oak to climate. Summer drought reportedly has a negative effect on oak growth in Britain (Bridge and Winchester, 2000; patterns (Kelly et al., 2002; Mares et al., 2002) . Positive growth anomalies were associated with extended periods of increased soil-water availability, resulting from an easterly migration of the Icelandic Low, while negative anomalies were related to periods of lower air temperatures and reduced soil moisture, due to enhanced anticyclonic activity across Europe in those years. Many of these studies, however, focused only on the effects of extreme climatic periods, with no comparison being made between climatic controls over growth during climatically non-extreme and extreme seasons.
In southern Sweden, pedunculate oak reaches its northern European distribution range (Dahl, 1998) , mixing both with conifer and deciduous species in several forest types. Oak colonised this part of Fennoscandia around 6 000 BC (Brewer et al., 2002) and currently grows in a variety of habitats, including wooden pastures and mostly mixed closed-canopy stands. In this region oak is an important tree species, both commercially (Ståål, 1986) and as a part of the natural ecosystems, supporting species diversity of a variety of organism groups (Ranius and Hedin, 2001 ). Due to its importance for practical forestry and nature conservation in southern Scandinavia, modelling oak growth and its geographic distribution is often undertaken in the context of future climate variation (Prentice et al., 1991) .
The general aim of this study was to quantify climategrowth relationships in pedunculate oak in southern Sweden. This was done through analysis of (a) the annual variation in tree-ring increment and (b) the spatial and temporal patterns in the occurrence of pointer years, i.e. years with extremely low or high growth (Schweingruber and Nogler, 2003) . While tree growth over decadal or centurial timeframes usually represents response to non-extreme annual weather, pointer years are typically induced by climatic anomalies on the scale of months, weeks or even days. Such climatic anomalies are often caused by abrupt changes in atmospheric circulation patterns (Fritts, 1976) . In this study we first analysed growth response of oak to monthly temperature and precipitation on the scale of single forest stands distributed over the whole area with oak occurrence in southern Sweden (Fig. 1) . Then, data from all sampled trees was used to identify years with regional annual growth anomalies. Weather conditions were evaluated for the presence of climatic extremes in temperature and precipitation, resolved on a monthly scale. From all pointer years identified, we selected those with the best available growth and weather data in order to map the spatial patterns of the growth anomaly and climatic extremes in an attempt to identify the likely cause of pointer years. We linked the results of our study to the discussion of growth-climate interaction in the future. Finally, we compared oak pointer years identified for southern Sweden with a list of pan-European oak pointer years published earlier (Kelly et al., 2002) .
MATERIAL AND METHODS

Study area
The oak trees were sampled in southern Sweden, in a region that spans from 55
• to 60
• N and 12
• to 19
• E (Fig. 1) . The mean annual temperature in this region ranges between 5
• C and 8
• C. The mean temperature in January varies between -4
• C and 0 • C; and between 15
• C and 16
• C in July. There is a large precipitation gradient between the western (up to 1200 mm/year) and the eastern (500 mm/year) parts of the region and prevailing winds are typically westerly or southwesterly (Raab and Vedin, 1995) . The growing season, defined as the period with average daily mean air temperature above 5
• C, lasts for 180-240 days (Nilsson, 1996) . Snow cover varies within the study region and typically occurs from midNovember to late March. The dominant soil type is till, which has a history of glacial dynamics and was formed on sandy and stony moraines, and some areas are covered by richer clayed till from sedimentary limestone (Fredén, 2002) .
The region stretches over both the nemoral and hemi-boreal phytogeographical zones (Ahti et al., 2004) and since a major part of the study region is a transition zone between the boreal and temperate biomes, both coniferous and deciduous trees are common. Norway spruce (Picea abies (L.) Karst.) and Scots pine (Pinus sylvestris L.) are the main coniferous species, while oak (Quercus robur L. and Q. petraea Mill.) and beech (Fagus sylvatica L.), together with smallleaved species (downy birch, Betula pubescens Ehrh. and aspen, Populus tremula L.), form the most prominent deciduous element of the vegetation.
Study sites were selected to reflect a range of site types and stand ages, as well as to cover most of the oak distribution range in southern Sweden (n = 49, Fig. 1 ). The site network is a product of newly established chronologies and the chronologies provided by the laboratory for wood anatomy and dendrochronology, Lund University, Sweden (Bartholin, 1975) . It should be noted, however, that this network of sites cannot be considered 'representative' in an objective manner, since site selection was non-random. However, the large number of sites sampled and trees analysed (total n = 635) should ensure that the results are representative for the region of southern Sweden.
Weather data and mapping of weather extremes
Average monthly air temperature, sum of monthly precipitation and average lowest monthly temperature were obtained from 64 SMHI climate stations distributed over the region (Tab. I). The homogeneity of climatic data was checked through the Mann-Kendall statistical test for randomness on each paired station set, with one station being Nordklim station with the homogeneity of the data ensured (Tuomenvirta et al., 2001) . In years when oak growth anomalies were present (see the following sub-section), monthly weather anomalies were identified from Nordklim climate data for the period 1860-2000. A monthly weather anomaly was defined as a period with the weather variable value located outside the central 90% of its longterm distribution. For each selected pointer year climatic extremes were identified for the period "preceding year August" -"current year August". Prior to analyses, weather variables were transformed into residuals from long-term distribution.
Spatial patterns of climatic extremes associated with three of the most recent pointer years were mapped and prediction maps were produced using the krigging routine method in the Geostatistical Analyst module of ESRI ArcMap 8.3 (Anonymous, 2002) . The routine utilised a weighted monthly value for each respective month: where X iw is the weighted monthly value for a particular month and station, X i is the original monthly value ( • C for temperature, mm for precipitation), and X mean and SD are mean and standard deviation values, respectively, for a particular month, over the whole observation period. The resulting maps were rasterised and then reclassified into five classes representing various levels of departure from the long-term mean for a particular month. Reclassification was done using the natural breaks method (Spatial Analyst module of ESRI AcrMap 8.3).
Tree-ring analyses
On each site a study plot was established (20 × 10 or 25 × 15 m 2 ) and cores were randomly taken from between 10 and 31 trees using an increment borer. Such variation in the amount of trees sampled and, particularly, the low number of trees sampled at several sites, was due to the limits imposed by the sampling permits. Core samples were taken at breast height along two radii from each tree, and after they were dried and mounted on wooden plates, they were polished using a belt sander, with up to a 400 grit band. The cores were measured using an ANIOL measuring stage controlled by the software CATRAS (Aniol, 1983) . The two core samples were averaged into single-tree chronologies, which were subsequently cross-dated and verified by using signature years (Stokes and Smiley, 1968) , and the CATRAS (Aniol, 1983) and COFECHA (Grissino-Mayer et al., 1997) computer programs. After cross-dating and measuring of the samples, some of them were filtered out due to inconclusive dating and/or presence of tension wood. The number of sampled trees finally included in the analyses varied between 7 and 30 per site (with the mode being 15 trees per site).
Residual chronologies resulting from autoregressive modelling of the site chronologies in the ARSTAN program (Grissino-Mayer et al., 1997) were used to evaluate climate-growth relationships through response function analyses (Cook and Kairiukstis, 1990) . Response function coefficients, in contrast to the common correlation coefficients, were produced using principal component regression analysis (Biondi and Waikul, 2004) , which removes autocorrelation present in the climatic data. The response function coefficients were tested using the bootstrap method (Efron and Tibshirani, 1994) for their statistical significance. This included random re-sampling of the original dataset with replacement, generating a statistical distribution of a response coefficient, and calculating its 2.5% and 97.5% distribution limits. Finally, the value obtained from the original dataset was compared with the bootstrap-generated distribution limits to assess the significance of the coefficient's departure from zero at the 0.05 probability level. We analysed the period between July of the previous season and the current year's August. Preliminary analyses with varying periods confirmed that increasing the number of previous season months would have little effect on the outcome of analyses. We, therefore, attempted to limit the number of months analysed to ensure the statistical stability of the final results.
The analyses were performed, with the help of the DendroClim program (Biondi and Waikul, 2004) , using mean monthly temperature and the total sum of monthly precipitation from the nearest climate station. All tests used a significance threshold of 5%.
A pointer year is generally understood as a year with particularly narrow rings in the majority of trees sampled within a site or an area (Schweingruber, 1996) . In this study a pointer year was defined as a year when ring width was below 5% or above 95% of the ring width distribution of a single tree. Pointer years were selected by using the XTRLST routine of the Dendrochronological Program Library (Holmes, 1999) . Strength (i.e. intensity) of a pointer year was assessed by dividing the number of trees within a pointer year by the number of trees in the dataset which were alive when the pointer year occurred.
The XTRLST procedure was used to assess every calendar year during the period 1860-2000 on all sites (n = 635) but only pointer years expressed in more than 15% of the total oak population sampled were included in analyses (n = 10). Of these, the three most recent pointer years were selected and their spatial patterns in southern Sweden were analysed to determine their climatic controls. For this purpose a 4×4 cell grid was made over the study area (excluding sites 1620 and TY, which were located too far north) with the length corresponding to the longitudinal extent of the sample area. Grid dimensions (105 × 105 km 2 ) were chosen so as to obtain sub-regional estimates of pointer year percentages and to ensure there was a reasonable number of trees within each grid cell. The number of trees varied between 31 and 114, with a mean of 61 trees per year and per grid cell. In total, there were nine cells, each representing between 3 and 10 sites. Data for cells 6 and 7 was combined during the analyses. Values of weather variables for a cell were then calculated as the average of site-specific values within that cell. These values were, in turn, obtained by krigging of climate stations' data.
RESULTS
The southern Swedish oak chronology developed in this study extended back to 1640 and the replication (number of trees contributing to the chronology values in a particular year) for a single year has exceeded 100 trees since 1818. The replication exceeded 280 trees during the period 1880-2000. The decline in replication values occurring in the late 1990s was due to the fact that the year 1996 was a termination date for the datasets provided by the Laboratory for Wood Anatomy and Dendrochronology, Lund University. During 1860-2000 the mean cambial age (the mean age of the trees contributing to the chronology in a particular year) steadily increased from 57 to 128 years. It is possible that the position of the trees within the stand changed throughout this period, which may explain the growth response to environmental variation. The absolute difference in average cambial age between 1860 and 2000 was 71 years (Fig. 2) , which we considered to be relatively moderate as compared with 140 years of chronology span. 
Response function analyses
Current year July temperatures and previous year August temperatures had a negative impact on the growth in 29 and 43% of sites, respectively (Fig. 3) . Growth was strongly controlled by the amount of precipitation in the current (June-July, in 48% of all sites) and the previous growing seasons (August, 22% of all sites) and by the temperature in October of the previous year (72% of sites).
Growth pattern, identification of pointer years and weather conditions
Periods with pronounced positive growth anomalies occurred around 1890-1900, 1920-1925, 1958-1964 and 1978-1985 . Two positive pointer years (1882 and 1860) were not associated with either temperature or precipitation extremes. In 1860, the sum of precipitation reached values above the 93% percentile for June (average for all stations -90.6 mm) and above the 94% percentile for August (117.1 mm). The long-term mean and SD for June precipitation were 52.2 ± 28.9 mm, and for August precipitation -73.4 ± 40.1 mm. July of 1860, though, was relatively dry (38.9 mm, below 12% of the distribution; long-term average and SD 70.1 ± 36.1 mm). The summer temperature during this year, instead, was close to average (between 27% and 47% of distributions of long-term mean monthly values). In 1882, mild summer temperatures (within 43-76% of the respective distributions) coincided with excessive precipitation. During each summer month the sum of precipitation stayed above 83% of all the values recorded for a particular month over the studied period: June (85.3 mm), July (107.6 mm) and August (115.7 mm).
Periods with growth decreases occurred in 1885 -1889 , 1902 -1907 , 1914 -1917 , 1955 -1957 , 1965 -1967 , 1973 -1977 . Negative pointer years occurred in 1992 , 1965 , 1956 , 1947 , 1940 , 1902 , 1869 and 1868 . The most pronounced negative pointer year was in 1965 and was expressed most strongly in the north-western part of the study area.
Of the 37 monthly weather extremes associated with pointer years, 16 had mean temperature anomalies, 11 had precipitation anomalies and 10 had lowest temperature anomalies. Assuming that occurrence of a pointer year and climatic extremes (a month with value of a weather variable outside the central 90% of its long-term distribution) are independent of each other, the expected frequency of a simultaneous occurrence of these two events can be calculated simply by multiplying a weather extreme frequency by a pointer year frequency. Weather extreme frequency was, by our definition, 10 in 100 years, or 14 in the whole 140-year study period; the frequency of pointer years identified was 10/140 = 0.07. Multiplying these probabilities would yield 0.14 × 0.07 ≈ 0.01, or about one year within the time frame studied. In other words, a monthly extreme associated with a pointer year occurring 512p5 Ann. For. Sci. 65 (2008) 
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Figure 4. Mapping of spatial distribution of pointer years and weather extremes recorded over a period (previous year July -current year August) during the most recent negative pointer years (1992, 1965 and 1956) . The type of weather extreme (positive or negative anomaly) is indicated as a plus or a minus in the lower right corner of the respective map. The top map represents percentages of trees recording pointer years in each of nine cells across the studied region. Colour/grey coding is a product of reclassification of the krigged weather data from available climate stations, with darker colours representing higher absolute values. It follows that under conditions of a positive weather anomaly, the most extreme weather is represented by darker colours, and during negative growth anomaly -by lighter colours. "PY" stands for "previous year". more than once from 1860-2000 would indicate a higher-thanexpected probability of a simultaneous occurrence of a pointer year and a climatic extreme during that month. For the lowest monthly temperatures, with no data available before 1900, the adjusted probability was even lower: 0.05 × 0.06 = 0.003 (number of years with the lowest temperature dropping below 5% of its distribution multiplied by frequency of pointer years).
Negative anomalies of the March lowest temperatures were associated with the pointer years three times (1965, 1947 and 1940) , and negative anomalies of the lowest temperatures in B. 1965 C. 1956 February were associated with the pointer years twice (1956 and 1940) . Other monthly weather extremes associated with pointer years more than once were previous year August average temperatures (two positive anomalies, 1940 and 1956 ), previous year October temperatures (one positive, 1902 Figure 4 (krigged maps). PY: "previous year". In the case of a negative correlation, the percent of re-samples is the proportion of negative correlations out of the total amount of bootstrap runs (n = 500); in the case of a positive correlation it is the amount of positive coefficients. Asterisk indicates variables that showed the highest correlation with the spatial pattern of pointer years. 
Gridding monthly weather variables and oak pointer years
The spatial pattern of pointer year manifestation was analysed for the three most recent pointer years (1992, 1965 and 1956) in the whole study region. For 1965, gridding the three climatic extremes that occurred that year (minimum temperature in March and July, and mean temperature in July) showed a correlation between the pattern of growth anomaly and the minimum temperature in March (Fig. 4) . Bootstrapping the original dataset 500 times showed that in 88% of the datasets re-sampled, the rank correlation coefficient between weighted SD of the weather variable and percentage of trees within that pointer year was negative (Tab. II, Fig. 5) . The pointer year of 1992 was expressed more in the central and southern parts of the study region. Of the seven climatic extremes gridded, the drought pattern in July, expressed as corresponding monthly values of temperature and precipitation, was the most consistent with the spatial pattern of growth anomaly during that year (Fig. 4, Tab. II) . The pointer year of 1956 was more distinct in the northern part of the area (Fig. 4) but the spatial association with any of the seven identified climatic extremes remained unclear. Since the lowest absolute temperatures were associated with the northern part of the area (the pattern which was disrupted while converting data into weighted deviations from monthly means), the growth anomaly data was compared with the absolute deviations in minimum February temperatures to produce the highest absolute value of r for that year (empirical r = −0.42 and mean re-sampled r = −0.37, Tab. II). This indicated that the spatial pattern of the negative growth anomaly in 1956 might be related to the pattern of low temperature spell that occurred in February that same year (Fig. 4) .
Comparison of pointer year manifestation and change in growth pattern
The ratio between cumulative growth over three years prior and three years after a negative pointer year was calculated in order to test whether or not the strength of expression of a negative growth anomaly was related to an actual change in growth. A linear regression between this ratio and the percentage of trees expressing this pointer year (Y = −1.274 × X + 113.72) accounted for 85.4% of the variation between two variables (Fig. 6 ). This suggested that pointer year manifestation (proportion of trees with the year in question as a pointer year) was closely correlated to oak growth for at least three years after the occurrence of a pointer year. 
DISCUSSION
Growth and monthly weather conditions
In southern Sweden it is the water regime in the first two months of the summer which affects the oak growth the most during climatically non-extreme years, precipitation during the previous growth season also being of importance (Fig. 3) . This is in agreement with the results of other European studies, which have shown a clear negative effect of summer water deficit on oak growth (Osipov, 1989; Tessier et al., 1994; Bridge et al., 1996; Siwecki and Ufnalski, 1998; Kelly et al., 2002) . In addition, while higher summer temperatures had a negative impact on growth, it was not as pronounced as was the positive impact of precipitation (Fig. 3) . Generally, European oak can sustain periods of prolonged drought due to a complex system of stomatal (Dickson and Tomlinson, 1996) and non-stomatal controls of carbon fixation (Epron and Dreyer, 1996) . The clear negative association between growth and water deficit, however, points to reduced hydraulic conductance of shoots, and, as a result, limits stomatal conductance and carbon assimilation during drought periods (Rust and Roloff, 2002) . Previous studies indicated that oak sensitivity to water stress is especially high during spring and early summer (Bridge and Winchester, 2000; Siwecki and Ufnalski, 1998) .
Several mechanisms may help explain the positive growth impact of average temperatures during the previous October (Fig. 3) . It is likely that higher October temperatures lead to an extended period of physiological activity at the end of the growing season, which allows for more time to complete relocation of transportable assimilates from leaves to perennial parts of the tree. For sessile oak (Q. petraea Mill.), Barbaroux and Bréda (2002) showed that maximum storage of reserves in the wood is reached in October. Similarly, a study of red oak (Q. rubra L.) demonstrated that a peak in translocation of sugars from the leaves to the main stem occurred during late October (Xu and Griffin, 2007) . A warmer October may, therefore, result in more carbohydrates being relocated to perennial tissues, making more nutrient and energy reserves available for growth during the next season. In addition, since the amount of non-structural carbohydrates in plant tissues is generally linked to the degree of frost tolerance (Parker, 1967; Sakai and Larcher, 1987; Thomas et al., 2004) , a higher degree of translocation may increase the resistance of oak trees to low temperatures. A similar positive relationship between growth and previous October temperature was reported in pedunculate oaks in England (Fletcher, 1974) . A study of old-growth oak forest in France (Lebourgeois et al. 2004 ) suggested that it is development of the earlywood which is the most strongly controlled by the environmental conditions of the previous autumn.
With the exception of previous year October temperature, the response function analysis showed little impact on the growth by weather during the dormant season. Apparently, during non-extreme years the weather in late autumn, winter and early spring exerts a weak control over oak growth. This suggests that even in the areas located close to the northern border of the European oak distribution range (Dahl, 1998) , annual oak growth is not directly driven by conditions in the cold part of the season, but rather dynamics of water availability during the growth season. The amount of growth season precipitation, in turn, has been shown to be positively related to the strength of wintertime westerly flow across the North Atlantic (Kelly et al., 2002) .
Regional pointer years
A striking feature of the pointer year list was a low proportion of trees representing even the most distinct growth anomalies, corresponding percentages for the nine major pointer years staying between 16.0 and 32.4%. Kelly et al. (2002) , using though a different algorithm to identify Europe-wide oak pointer years (termed in that study as "signature years"), reported three to four times higher percentages of oaks recording a pointer year. Clearly, the choice of distributional thresholds in this study (considering only < 5% and > 95% of ring-width distribution) affects the number of trees representing a pointer year. The low percentage of trees recording pointer years could result from the sub-regional variation in weather conditions (Raab and Vedin, 1995) superposed with variation in site properties.
The pattern of spatial correlation between percentage of trees recording pointer years and krigged values of climatic extremes changed from one year to another (Fig. 4) . This indicated that it was sub-regional variation in the expression of weather extremes, and not site properties, which controlled the spatial pattern of the pointer year expressions.
The most widespread growth anomaly occurred in 1965, when the annual growth increment of 32.4 % of all trees fell below the lower 5% of the respective ring-width distributions. Spatial analyses showed a correlation between the pattern of the pointer year and weather anomaly in March of that year. A period of cold weather occurred on March the 30th 1965, when the intrusion of cold Arctic air masses resulted in a night frost covering most of southern Sweden (Anonymous, 1966) . The association of negative March temperature anomalies with the occurrence of negative pointer years suggests that oak is sensitive to spring frosts (Tab. I). In southern Sweden, the occurrence of low air temperature during summer nights can cause severe damage to young oak shoots, leading to a substantial decrease in diameter growth (Barklund and Wahlström, 1998; Ståål, 1986) . Similar results have been reported from other parts of Europe (Landmann et al., 1993; Selochnik and Kondrashova, 1989) . Factors affecting pre-winter hardening of the trees may, therefore, be important for oak response to spring frosts. Warm winters tend to have a negative effect on the trees' ability to withstand sudden spells of low temperatures, owing to the high water content and status of carbohydrate reserves (Ståål, 1986) . A recent study of cold hardiness across a range of oak species and site climatic conditions (Morin et al. 2007) indicates that variations in the concentrations of soluble carbohydrates, which control oak cold hardness, appear to be temperature-regulated. We speculate that the importance of pre-winter hardening might be reflected in the consistent positive correlation between growth during climatically non-extreme years and the previous year's October temperature (Fig. 3) .
The most recent pointer year was recorded in 1992, which is known for one of the most extreme drought events in Sweden (Karlström, 1993) and as a drought year in other parts of Europe (Larsson-McCann, 1992) . A high-pressure system developed over Scandinavia from May to July that year caused both positive temperature and negative precipitation anomalies over most of southern Sweden. Most of the climate stations in this region recorded zero precipitation for a continuous period of 36-56 days during the spring and summer months (Karlström, 1993) . For the study area, the spatial pattern of this pointer year was the most consistent with June precipitation (Fig. 4) , and to a lesser extent, with the previous year's temperatures in July. Apparently, water deficit resulting from elevated temperatures in the previous growth season was further enhanced by the deficit due to current year drought, spatial patterns of both variables being similar. Although an unusually high temperature was already recorded in January that year, the actual drought build-up began in May (Tab. I).
The growing period of 1956 was associated with a number of weather extremes (Fig. 4) . A negative temperature anomaly in February appeared to be correlated with the spatial pattern of the pointer year expression (Tab. II); however, the result was not significant (empirical p = 0.265, Tab. II), despite the high percentage (87.8%) of re-sampled coefficients falling below zero. The temperature pattern in February of that year was a plausible explanation of the pointer year expression. This period of cold weather was reportedly caused by a spell of cold Arctic air from north-eastern Fennoscandia (Anonymous, 1957) , resulting in air temperatures of -30 to -32 • C in most of southern Sweden. The results of spatial correlation analyses for that year were, however, less conclusive than for 1965 and 1992.
Negative temperature anomalies in March occurred in three out of eight negative pointer years (1965, 1947 and 1940) , and negative temperature anomalies in February occurred twice (1956 and 1940) . Although spatial correlation between spring temperatures and growth anomalies was only clearly established for 1965, negative pointers were commonly associated with extremely low temperatures in late winter and spring (Tab. I). Such weather conditions normally develop during years with enhanced anticyclonicity in the Arctic circulation system, when blocking anticyclones define the weather patterns over Northern Europe (Mares et al., 2002) . Association of negative pointers with such periods was reported previously on the pan-European scale (Kelly et al., 2002) . Two positive pointer years (1882 and 1860) had monthly precipitation values reaching 83-94% thresholds of their distribution for at least two summer months, confirming the positive impact of above-average precipitation on oak growth.
Spatial analyses of pointer years and climatic extremes appear to be a useful tool in identifying likely triggers of regional growth anomalies. These analyses may not necessarily produce definite results (e.g. Zierl, 2004) and generally require large and spatially distributed tree-ring datasets. They do, however, aid in disentangling growth-climate interactions on a sub-annual scale. In particular, spatial variation in pointer year expression, within the study sub-regions, may explain the low percentages of trees recording pointer years observed on the scale of the whole region. Taking 1965 as an example, the regional average for trees recording this year as a pointer was 32.4%, with variation among sub-regions (60.4% and 3.1%, Fig. 4 ). Downscaling the analyses appears to be particularly useful in situations where one may expect a large withinregion variability of climatic factors. Furthermore, the region of southern Sweden is large enough to exhibit considerable variation in weather conditions during a particular growing season, and analyses on a sub-regional scale may provide a clearer picture of climate-growth interactions.
Accumulating larger and more spatially distributed data should be helpful in studying historical frequency of stressful climatic situations in oak. A strong correlation between the number of trees recording a pointer year and growth in the following years (Fig. 6) suggests that expression of pointer year, as depicted by standard dendrochronological methods, may help quantify the impact of these events on growth variation above-annual time scales. In studies of long-term growth trends, accounting for lag-effects of single pointer years may therefore provide a tool for better partitioning of high-and low-frequency signals in tree-ring chronologies.
Future climate and oak growth
It is of direct practical interest to relate the observed association of weather and growth to historic and future environmental variability. As in other parts of Europe (Thomas et al., 2002) , oak in Sweden has been showing signs of decline and increased mortality since the 1980s (Drobyshev et al., 2007a; Sonesson, 1999) , with the widespread pattern of decline pointing toward regional climate as one of the main factors negatively affecting the health of oak stands (Drobyshev et al., 2007b) .
Our current knowledge of future variability in temperature and precipitation in Northern Europe does not provide a conclusive answer about oak growth trends in the future. Changes in water regime, one of the main drivers of oak growth dynamics, are of particular interest. In addition to a long-term increase in humidity over the last 4000-5000 years (Eronen et al., 2002) , precipitation over northern Europe has increased by 10-40% during the 20th century (Hanssen-Bauer and Forland, 2000) . Over Fennoscandia changes in precipitation have also been observed over the past decades, with the regional climate becoming progressively more oceanic (Hanssen-Bauer and Forland, 2000; Lloyd-Hughes and Saunders, 2002) . Climate projections suggest a continuation of this trend; however, most of the future precipitation increase is expected before and after summer. Climate simulations generally indicate drier summers in the future (Brabson et al., 2005; Rummukainen et al., 2001 ) with lower cloudiness and soil water content across Europe during the growing period (Giorgi et al., 2004) . This trend may translate into reduced growth of oak and higher incidence of negative growth anomalies on an annual scale. No such trend has yet been documented: a pan-European study of historical dynamics of standardised precipitation indices (SPI) and the Palmer drought severity index (PDSI) has shown that the proportion of Europe experiencing extreme and/or moderate drought conditions has changed insignificantly during the 20th century (Lloyd-Hughes and Saunders 2002b).
As for the long-term pattern of temperature variation in Northern Europe, as depicted by instrumental records (Jones et al., 2002) , the growth season might have been warmer before 1860, indicating generally less favourable conditions for oak (see also the critical review of this data in Moberg et al., 2003) . Some models also predict a general increase in October temperatures (Frich et al., 2002) , which is positively correlated with oak growth (Fig. 3) , and may result in higher prewinter translocation efficiency. A regional study of growing season changes in Fennoscandia (Hodga et al., 2006) , based on the remotely-observed normalised difference vegetation index (NDVI), showed a delay in the end of the growing season during 1981-1998. This trend, which may represent a global phenomenon of a longer growing season in the Northern Hemisphere (Linderholm, 2006) , could have a positive effect on oak pre-winter hardening in southern Sweden. Simultaneously, a considerable variability in temperature and precipitation regimes has been documented on decadal and centurial time scales (Alexander et al., 2006) and studies predict generally higher weather variability in the future (Schar et al., 2004) , which may increase the incidence of environmentally stressful conditions.
Much of the discussion on future climate-growth interactions is centred around changes in the relative competitiveness of species (Bonn, 2000; Loehle and LeBlank, 1996; Piutti and Cescatti 1997) , which may also have been an important driver of oak distribution dynamics in Europe since the last glacial period (Brewer et al., 2002) . In this context, although oak appears to react strongly to water deficit during the growing season, its relative drought tolerance may be higher than in other hardwood and softwood species. A study of competition dynamics in mixed beech-oak stands in Germany revealed much lesser growth response of oak trees to drought as compared with European beech (Fagus sylvatica), which might reflect the differences in root systems of these two species (Bonn, 2000) . Oak utilises a number of morphological and physiological adaptations for drought avoidance and drought tolerance (Dickson and Tomlinson, 1996) , one of which is control of stomatal conductance. Interestingly, a comparative study of stomatal conductance response in seedlings of beech, chestnut (Castanea sativa Mill.) and oak trees has shown that oak may benefit from an increased ambient CO 2 concentration (Heath, 1998) . Oak can respond to an elevated CO 2 concentration (ambient air enriched by 250 ppm CO 2 ) by decreasing its stomatal conductance by approximately 50%, resulting in a higher water-use efficiency than in the other two species.
Comparison with European pointer years
Water availability during the growing season appears to be the main factor controlling positive and negative growth anomalies on the European scale (Kelly et al., 2002) and during climatically "non-extreme" seasons in southern Sweden. In southern Sweden, the list of oak pointer years is, however, considerably different from the lists of pointer years in the central and southern part of the continent. Only two of the years listed by Kelly et al. (2002) , the negative pointer years 1940 and 1956, were present on both lists, suggesting a rather regional pattern of growth anomalies in southern Swedish oaks. Southern Sweden lies at the edge of the area covered by the dataset used in the study of European pointers and was therefore represented by just a small proportion of all sites, the majority of them being centred around northern Germanysouthern Denmark, as well as the British Isles (Kelly et al., 2002) . Negative temperature anomalies during winter-spring periods may be important determinants of oak pointer years in southern Sweden, while pointer years in central and western parts of Europe are largely a product of precipitation dynamics. In southern Sweden, precipitation appears to drive "average" growth dynamics, i.e. increment in climatically nonextreme years. With the exception of the extreme drought in 1992, the most pronounced annual growth anomalies were probably caused by extremes in temperature and not in precipitation.
The lack of correspondence between pan-European and southern Swedish oak pointer years implies that in southern Sweden, the occurrence of pointer years is a product of regional climate variation and only partly reflects Arctic or North-Atlantic oscillation patterns, which are believed to be responsible for variations in water availability on the sub-continental scale (Briffa et al. 1994; Linderholm 2006; Lloyd-Hughes and Saunders, 2002) . If this assumption is correct, the effects of low temperatures on oak growth should be incorporated in the regional modelling of growth and productivity dynamics under a changing climate.
